Abstract--In situ filtering rates were determined for six cladocerans and one Calanoid fed either l-km bacteria or 20-pm algae. Food-specific regressions of filtering rate vs. body length for all cladocerans together produced explained variances of 87 and 95% while a combined regression for both food particles plus 6-pm yeast produced an explained variance of 87%. All animals could filter particles of all sizes but were most efficient at filtering the medium-sized food. Large animals maintained a higher filtering efficiency on large algal particles than on small bacteria, while small animals did the opposite, providing some basis for niche differentiation. The regression equations permit the indirect estimation of grazing impact on bacterioplankton and phytoplankton populations and should facilitate studies of energy flow and plankton population dynamics in lakes.
Cladoceran zooplankters are typically the predominant filter feeders in lakes; estimates of their activities are therefore central to investigations of the population dynamics of phytoplankton and bacteria and to studies of energy flow. Knoechel and Holtby (1986) presented a general model for determining cladoceran filtering as a function of body length and demonstrated its utility for estimating community filtering rates in lakes. The data for that model were obtained from in situ feeding experiments with 6-pm-diam radioactively labeled yeast cells. Here we determine the filtering rate : length relationship for l-pm bacteria and 20-pm algal colonies, to extend the length-based approach to a wider food size spectrum. Statistically the regressions are significantly different from each other and from the previously determined relationship for yeast; however a single body length regression will account for 87% of the variance in filtering rates for all particle sizes combined. We compare the regressions for food particles of different size and note that there is a broad overlap in the resource spectra of large and small cladocerans.
Fieldwork was done at the Lake St. George field station (CCIW) with the cooperation of D. R. S. Lean. Support was provided by the Natural Sciences and Engineering Research Council of Canada in the form of an operating grant to R.K. and a postgraduate scholarship to L.B.H.
In situ zooplankton filtering rates were determined by the uptake of radioactively labeled food particles presented to the zooplankton in grazing chambers (Haney 197 1) .
Animals were given either Flavobacterium aquatile, a freshwater bacterium of about 1.2 pm (from D. Schindler) or Pandorina sp., a colonial green alga with a mean colony size of 20 pm (range 15-28 pm; Wards Natural Sci. No. 86WO400). The bacteria were labeled with 32P following the general procedure of Haney (197 1) whereby the isotope is added as phosphoric acid to log-phase cultures that have been transferred to phosphorus-deficient medium (see Knoechel and Holtby 1986 ). Pandorina was labeled by exposing a dense culture to [14C]sodium bicarbonate with a forced uptake procedure (Holtby and Knoechel 198 1) which involves stripping the dissolved inorganic carbon from the culture before incubation with the isotope. The labeled bacteria had average activities of 0.04 cpm per cell, the labeled algae 2.66 cpm per colony. They were presented in the grazing chamber at feeding concentrations of about 37,000 cells and 800 colonies ml-I. Minimum concentrations of naturally occurring particles of similar size were 52,000 and 1,900 particles ml-l as determined by image analysis (Holtby unpubl. data) .
The experiments were done in Lake St. George (43"57'N, 79"26'W), Ontario, between 10 August and 8 October. Grazing rates were measured at a central station in the lake and in four large experimental enclosures (limnocorrals: Lean et al. 1974 ) embedded in the sediment at 12-l 4-m depth which provided a wide range of concentration and composition of both zooplankton and other seston (see Knoechel and Holtby 1986 for more details). Experiments were carried out both by day and by night at depths ranging from 1.5 to 5.5 m and temperatures from 10" to 24°C.
Feeding experiments were conducted at the depth of collection for from 5 to 10 min, after which the grazing chamber was brought to the surface and the contents poured through a lOO-pm-mesh nylon screen to remove the animals. Available radioactive food activity in the grazing chamber was determined by addition of a 5-ml portion of the filtrate to 10 ml of fluor (Aquasol; New England Nuclear). The screened animals were rinsed with filtered lake water and then killed by dipping them in near-boiling water for a few seconds to minimize isotope loss (Holtby and Knoechel 198 1) . The screen was blotted on a paper towel and then allowed to air dry.
Individual crustaceans were picked from the screen under a dissecting microscope in the laboratory.
Cladoceran lengths were measured from the anterior margin of the head to the base of the tail spine (if present); Calanoid copepod lengths were measured from the anterior margin of the head to the distal end of the urosome excluding the cauda1 rami. The radioactivity of animals fed 32P-labeled yeast was determined by direct counting in fluor with the procedure of Knoechel and Holtby (1986) ; the activity of animals fed 14C-labeled algae was determined after digestion by the procedure used by Holtby and Knoechel (198 1) for Scenedesmus. The radioactivities of daphnids and some of the diaptomids were determined singly; groups of from 2 to 5 (occasionally 10 for Bosmina feeding on bacteria) similarsized (within 0.01 mm) individuals of smaller species were counted together to increase scintillation count precision. Daily filtering rates for individual animals were calculated from animal and grazing chamber isotope activity and from the length of exposure to the food in the chamber with the expression:
The relationship between individual filtering rate and body length was determined by log: log regression and correlation analysis. The data obtained with bacterial food particles included discrete determinations on 165 individual animals plus 78 measurements on groups of from 2 to 10 similar-sized animals of small species, for a total of 243 observations involving 488 animals ( Fig. 1 A) . The log : log correlation between filtering rate and body length for all cladocerans combined was highly significant (r2 = 0.87, P < 0.001) and, expressed as a power function, the relationship was 
where F is the filtering rate in ml per animal per day and L is the animal body length in mm. Data for the Calanoid copepod, Diaptomus oregonensis, are included in the figure for comparative purposes. Linear correlation of predictions from Eq. 2 with the untransformed filtering rate data resulted in an explained variance of 0.8 2.
Data for the large algal food particles consisted of discrete measurements on 46 individuals plus 41 groups of 2-3 animals for a total of 87 observations encompassing 163 animals ( Fig. 1 B) . The log : log correlation was again highly significant for all cladoceran species combined (r2 = 0.95, P < 0.00 1). The regression equation, expressed as a power function, was F = 7 . 534L3.0Q2 .
Linear correlation of Eq. 3 predictions with the raw filtering rate data yielded an r2 of 0.90. The high proportions of variance in filtering rates explained by body length alone indicate clearly that size is the primary determinant of filtering capacity under the range of conditions used here; there is a little residual variance to be explained by other factors. The additional influences of temperature, time of day (day vs. night), and species identity on the filtering rates were evaluated by stepwise multiple regres- Fig. 1 found for algae (Pandorina) and bacteria with that previously found for yeast (Knoechel and Holtby 19 86). sion (Table 1) . Temperature was entered as "C, species identities and a day/night factor were entered as binomial dummy variables. Five statistically significant variables in addition to length in the bacterial filtering rate model produced a combined increase in explained variance of only 6.8%. Two additional significant variables in the algal model increased explained variance by only 2%. Addition of these variables to the models would sacrifice generality for only slight gains in precision; they are not considered further here.
A comparison of the regressions for the small bacteria and the large algal colonies with that for the intermediate-sized yeast reveals that the medium-sized particles were generally filtered more efficiently than either of the extremes in the range tested ( Fig. 2 ; regression statistics in Table 2 ). Ricker (1973) suggested that a model 2 (geometric mean) regression be used to describe functional relationships when both variables are subject to error; however previous researchers have not routinely applied this technique, making comparisons difficult. In our study, the length measurements are essentially error-free (within 0.0 1 mm) and under the control of the experimenter who selects individuals for analysis (Berkson's controlled procedure; section 27 in Ricker 1973) . Under these conditions a model 1 regression seems appropriate. In any case, the slopes of the two types of regression models converge as r approaches 1.0, thus the two techniques yield similar values (Table 2). The smallest animals filtered the bacteria at a rate approaching that for yeast but were considerably less efficient when feeding on the large colonial algae. Conversely, the largest animals handled the medium and large sizes of food at nearly equal rates while filtering the very small bacteria less effectively. Using the ratio of filtering rate on either bacteria or algae to that on yeast as a measure of relative efficiency, we find about a threefold range in efficiency for animals at the extremes of the body size range and about a twofold range in efficiency for intermediate-sized animals (Table 3) . Peterson et al. (1978) , using direct count methods, noted a similar threefold decrease in filtering rates for large Daphnia feeding on natural bacteria in comparison to yeast. Although this is certainly an appreciable range in filtering capability as a function of particle size, it is small relative to the threeorder-of-magnitude range in filtering rate as a function of body size observed for any single particle size. Thus, despite the fact that the differences between the slopes and intercepts for the various particles were highly significant (SE: Table 2), a combined cladoceran regression for all food particles (including yeast, Knoechel and Holtby 1986) still produced an explained variance of 87% (see combined regression below).
The comparison of filtering efficiencies for different size particles and animals (Table  3) provides a quantitative basis for describing the degree of niche differentiation between animals of different size or, alternatively, different species. It is evident that large animals maintain higher filtering efficiencies in the large particle size range than do smaller animals and, conversely, that the smaller animals are better able to maintain their filtering efficiency on the smallest particles. It should be re-emphasized, however, that all sizes of animals in fact filtered the intermediate-sized yeast better and all animals were capable of filtering all particle sizes.
The 20-pm algal colonies ingested by the small chydorids and bosminids in our study are considerably larger than the maximum ingestible particle size predicted by Bums (1968) on the basis of her study of animals fed plastic beads. Her regression would predict a maximum particle size of about 9-l 1 pm for our smallest animals; however, nearly all of her data were for daphnids 0.5 mm and larger. Bums noted that only 5 of 38 Bosmina examined ingested the plastic beads at all, and we note that their maximum ingested particle sizes tended to lie above the regression line (figure 1 and table 1 in Bums 1968). Ingestion of the large algae in our study might have been facilitated by fragmentation of the colonies during ingestion, but we have other data for unicells (40-pm Trachelomonas: Holtby unpubl. data) indicating that even larger particles can be filtered by the small cladocerans.
There is thus a broad overlap in the resource size spectrum utilized by animals of greatly differing size. Whether the differences in efficiency across the full range of particle sizes are sufficient to drive competition-based succession will depend both on the size/abundance distribution of food particles in the seston relative to the metabolic demands of the organisms and on the relative digestibility of the various particles, a parameter that is not measured here. Lampert (1977) has shown clearly that the maintainence ration of Daphnia pulex varies considerably for different algal food species, for example.
Adding the filtering rate data reported herein to that reported with yeast particles (Knoechel and Holtby 1986 ) yields a total of 5 19 cladoceran observations involving 1,050 individual animals. Over 65% of the log filtering rate variance in this combined dataset is explained by the regression with body length:
Linear correlation of Eq. 4 predictions with the untransformed filtering rate data produced an explained variance of 6 1%. Equation 4 has an exponent similar to that for yeast but with an intermediate coefficient close to that for the larger algae. It produces filtering rate estimates that are 30-40% lower than those of the yeast regression throughout the animal size range (Table 4) . Predictions range from 6 to 85% high for bacteria and from 126% high to 49% low for large algae.
The parameters of the combined data regression are obviously influenced by the proportionate contribution of each of the particle sizes to the combined data set. There are relatively few observations for the large algal colonies, which is perhaps appropriate since particles of that size are usually relatively rare in the natural plankton (e.g. natural particle densities above). On such a numerical basis the bacteria would be underrepresented in the combined data set, but it could be argued that they are already over-represented in terms of their proportionate contribution to total biomass in most systems. It is our observation that most of the biomass lies in the 2-lo-pm-diam category in Canadian lakes that are not expe- Table 4 . Cladoceran filtering rate (ml day-') calculated as a function of body length from the regression for all particles combined plus the ratios of that filtering rate prediction to those for each particle size/type alone. riencing blue-green algal blooms (Sprules et al. 1983; Knoechel unpubl. data) . Grazing on organisms of this size would probably be best represented by the yeast equation and underestimated by the combined regression.
One can envisage an approach in which energy flow is calculated as a complex function of particle size distribution and sizespecific grazing functions; however it seems unlikely to us that predictions made from such detailed calculations would be very different from those of the combined regression alone and in any case those data are not usually available. We suggest that researchers interested in the population dynamics of specific phytoplankton or bacterioplankton initially use one of the specific particle regressions to estimate grazing losses, while those interested in general mass and energy transfer start out with the combined regression; both can use the yeast regression as an upper bound. It is essential that these regressions be used in field situations to make testable predictions of cladoceran impact on grazed plankton populations and on rates of energy flow. Such field applications will provide the ultimate test of our proposed grazing models and will increase our understanding of natural aquatic systems.
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